Due to the planar construction of present x-ray streak tubes significant off-center defocusing is observed in both static and dynamic images taken with one-dimensional resolution slits. Based on the streak tube geometry curved photocathodes with radii of curvature ranging from 3.5 to 18 inches have been fabricated. We report initial off-center focusing performance data on the evaluation of these "improved" photocathodes in an Xray streak camera and an update on the theoretical simulations to predict the optimum cathode curvature.
INTRODUCTION
Many plasma physics studies require the recording of continuous time history of x-ray emission 1 . Instruments to record these x-rays, x-ray streak cameras, have been developed over the years and are available commercially. These cameras record x-rays by converting photons to electrons, then sweeping the electrons across an electron sensitive area detector as a function of time. A major component of a streak camera is the streak tube. In the streak tube photons are converted to electrons at the photocathode, these electrons are accelerated, focused, and deflected onto a detector or phosphor. In x-ray streak cameras, the planar geometry of the photocathode and acceleration grid combined with the need to focus the electrons on the planar CCD cause the electrons from the edges of the photocathode to arrive later in time and at a different focus than the electrons from the center. To minimize these aberrations an ideal camera would have both a curved photocathode-acceleration system and a curved detection system such as a curved CCD chip 2 . At this time curved CCD chips are not yet readily available. Curved photocathode-acceleration systems have been manufactured and tested at Lawrence Livermore National Laboratory (LLNL) by the National Ignition Facility (NIF) Streak Camera Characterization Group. This paper includes a description of the experiments and simulations using SIMION 3 and EGN2 4 that have been performed to choose the best radius of curvature for the cathode-acceleration grid assemblies. This paper provides an update on the state of an ongoing program to improve x-ray streak cameras 5 .
EXPERIMENT
The experimental setup consists of a Manson-type x-ray source operated with a 10 kV and up to 1 mA electron beam current impinging onto a solid titanium target (Ti-Kα at 4.51eV), an x-ray shutter coupled to a Kentech 6 Mk II x-ray streak camera, and a Spectral Instruments 7 2k by 2k CCD camera. The chip is subjected to direct electron bombardment and features three phase architecture and a pixel size of 13.5 µ m by 13.5 µ m. For static tests the streak camera is operated in a DC mode (i.e., no streaking) with resolution grids of 20-50-75 µ m slits on 1500 µ m center spacing. The resolution grid casts an x-ray shadow with known dimensions on the photocathode. The photons are converted to electrons accelerated and focused on to the CCD for imaging. The experimental setup showing the curved geometry is depicted schematically in Figure 1 . In Figure 1 x-rays from the source illuminate the resolution mask or grid through an optional filter (not shown). The shadow created by the resolution mask results in a pattern of photons on the photocathode. These photons are converted to electrons which are accelerated and focused through the aperture and deflection plates on to the direct electron bombarded CCD. The radius of curvature (ROC) and the material of the photocathode-acceleration systems tested are summarized in Table 1 . The mounting plates for the photocathodes and acceleration grids were manufactured such that the rear mounted photocathode and the front mounted acceleration grid had the same ROC and uniform separation. The 3.5 and 7 inch photocathodes and acceleration grids were manufactured at LLNL while the 5, 10, and 18 were manufactured by Luxel Corporation 8 . The Flat photocathode acceleration grids were made by both LLNL and Luxel. The gold on the multi-component photocathodes was vapor deposited and is expected to be uniform in thickness across the width producing uniform electron emission. The gold on the flat photocathode is manufactured with well characterized foil and is also expected to produce uniform electron emission. The camera was refocused (electronically) for each radius and resolution grid. The image of the center slit was adjusted for best focus for each case. Data images were collected on a PC connected to a Spectral Instruments SI800 camera with a 2k by 2k back thinned 13.5 by 13.5µm CCD chip. These images were background subtracted and the fwhm of the intensity variations projected onto the CCD from the resolution mask were measured and tabulated. The results of these measurements are shown in Figure 2 
SIMULATIONS
The x-ray streak camera system has been simulated using two software packages, SIMION version 7.0 and Electron Optics Program EGN2C: 3.365 the Herrmansfeldt electron gun simulation code. The SIMION simulations confirmed the experimental results but were inconclusive as to which ROC is optimum due to the granularity of the electrodes. The granularity of the SIMION electrode simulation is on the same order of magnitude as the resolution being simulated. A typical simulation employing the SIMION program requires a geometry file and an ion file. The geometry file defines the electrode potentials, locations and shapes that are used to produce the potential field that the charged particles are flown through. The ion file describes the charged particles (electrons in this case) and their properties (i.e., starting locations, energies, and directions). The geometry of the x-ray streak camera used in the SIMION simulation is shown in figure 3 . This figure shows the major components of the x-ray streak camera system. Starting at the top left with the photocathode-acceleration grid, focusing elements, aperture, sweep electrodes and direct electron bombardment CCD chip. Figure 4 shows a close up view of the SIMION simulation of the photocathode-acceleration grid area of the x-ray streak tube. The bottom edge of this figure represents the center line of a cylinder that the elements should be rotated around to form the 3 dimensional representation of the x-ray streak camera system. Figure 5 shows an enlarged view of the photocathode acceleration region emphasizing the granularity of the SIMION simulations. The simulated distance between the photocathode (left) and the acceleration grid (thin line) is two millimeters the step size on the photocathode and acceleration grid is on the order of 150µm. This granularity of SIMION led us to change to the Herrmansfeldt Electron Optics Program. A typical simulation employing the Electron Optics Program requires a geometry file that is preprocessed into an input file which is then used by the program to calculate the potential map of the simulation space. The electron optics program geometry is depicted in Figure 6 for the case of a 10 inch ROC photocathode at -15.0kV, acceleration grid at -14.8kV, focusing electrodes at -13.3, 0.0 and -11.6kV. These potentials agree reasonable well with the experimental values. As in the SIMION simulation the bottom of the image is the centerline of a cylinder of rotation that forms the electrode geometry. Simulations were performed for 3.5, 5.0, 7.0, 10.0, 14.0 and 18.0 inch ROCs as well as for flat photocathode acceleration pairs. 
DISCUSSION
Extensive images were collected for several x-ray intensities and each resolution grid on the DC Manson xray source. Data analysis was accomplished with IDL scripts on a PC. The images were background corrected by subtraction of an image taken without x-rays. Line outs were taken for each of the images. The data were collected and analyzed to find the relative intensity and full width at half maximum (fwhm) across the width of the output image for each ROC. The image of the resolution mask produces regularly spaced peaks on a lineout of the background subtracted CCD image. The width of these peaks is used to find the width of the image projected on the photocathode. The fwhm of the projected resolution mask slits for 200 µ A electron beam current and 20 µ m openings in the resolution grid at 2s exposure are plotted in Figure 2 . Analysis of this plot leads to the conclusion that both the 18, 10 and the 7 inch ROC indicate an improvement of approximately 20% over the flat photocathode. It is clear that smaller ROC photocathodes have a narrow field of view. At first observation the 7 inch ROC looks like it has the widest usable area of photocathode. However the intensity variations shown in Figure 7 clearly show that with the existing photocathode-acceleration grids the 18 and 10 inch ROC give the best results. These experimental results have been compared with SIMION and Electron Optics program simulations and found to agree with the simulations. It is clear that the flexibility of the camera system in terms of electrical potential focusing make the selection of an optimum ROC difficult. The simulations are also susceptible to the focusing properties of the camera system. Simulations of ROCs show an improvement over the flat photochatode-acceleration system for the 10, 14 and 18 inch ROC but little difference between these three ROCs. This is in agreement with the experimental data. Future improvements to the camera system should include higher transmission acceleration grid material, insulating coatings on the acceleration grid to reduce spontaneous electron emission, reduction in the photocathode acceleration grid separation (would be allowed by the insulation) and a curved CCD.
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